Subpicosecond polarized transient-absorption measurements on the fluorescent adenine analogue 2-aminopurine have been performed in the wavelength region from 320 to 690 nm. Global target analysis of the data reveals structural heterogeneity of the chromophore in the excited state. Two distinct states with remarkably different spectroscopic properties were resolved. One state does show stimulated emission, whereas the other state does not and exposes a very long excited-state lifetime.
Introduction
The study of the dynamical and charge-transfer properties of DNA is a research area of intense interest [1] [2] [3] [4] . For performing (time-resolved) fluorescence spectroscopy, the use of extrinsic probes is a prerequisite because of the very low fluorescence quantum yield of the natural nucleic acids [5] . The adenine analogue 2-aminopurine (2AP) is a widely used probe for these purposes [6] [7] [8] [9] , because of its high fluorescence quantum yield (0.66), its redshifted absorption allowing selective excitation, and its property to build into the DNA B-helix without significant structural disturbance [10, 11] . Introduction of 2AP into DNA causes a large reduction of the fluorescence quantum yield, which is attributed to stacking interactions with the neighboring bases possibly causing charge transfer processes [8] .
Two different tautomeric states of 2AP are known; the 9-H and 7-H tautomers that have a proton at, respectively, nitrogen number 9 and 7. Both calculations and experiments show that 2AP in the ground state mainly exists as the 9-H tautomer [10, 12] . However, recent experiments and calculations suggest that the 7-H tautomer might be present in significant amounts upon excitation [13, 14] .
A better understanding of the 2AP quenching mechanism and thus of the dynamical and charge- www.elsevier.com/locate/cplett transfer properties of DNA requires a thorough knowledge of the underlying photophysics of isolated 2AP as compared to 2AP incorporated in DNA. In this study we have therefore measured the transient-absorption spectra of 2AP with subpicosecond time resolution.
Experimental section

Chemicals
2AP (Sigma Aldrich, Zwijndrecht) with a purity of >99% was dissolved in a 20 mM Na 2 HPO 4 = NaH 2 PO 4 , 0.1M NaCl, pH 7.0, buffer, and continuously flowed during the experiment to avoid photodecomposition.
Subpicosecond transient-absorption setup
The setup consists of a 1-kHz Ti:sapphire amplifier and non-collinear optical parametric amplifier (NOPA) system as described in more detail elsewhere [15] . Briefly, femtosecond (pump) excitation-pulses centered at 309 nm were generated by frequency mixing of the 506 nm output of the NOPA with 800 nm pulses. The time evolution of the excited-state dynamics was subsequently monitored using a white-light (probe) pulse, resulting in an instrument response of $600 fs FWHM. Transient-absorption spectra (absorption difference of the white-light with and without pump pulse) were monitored. Four different wavelength intervals were probed (each spanning $120 nm and all together ranging from $320 to $690 nm), which were simultaneously analyzed. The white-light continuum was generated using a CaF 2 crystal, which was continuously translated to avoid burning. No significant signal of hydrated electrons from 2AP was observed, which are known to be formed when very high excitation densities are used [16] . Both anisotropic (parallel and perpendicularly polarized) as well as isotropic signals were recorded.
Results
In Fig. 1 , several representative transient-absorption traces at different wavelengths are shown.
It is immediately clear from the data that the polarization behavior of 2AP changes dramatically with the probe wavelength. At probe wavelength 365 and 450 nm the initial anisotropy is negative (parallel signal below the perpendicular signal), whereas it is positive at 408 and 600 nm. In all traces the anisotropy decays to zero after $100 picoseconds (ps). At 365 nm, stimulated emission (SE) is expected to be observed, with an initial anisotropy very close to 0.4 [10] . Because a negative initial anisotropy is observed, the signal at this wavelength cannot only be attributed to SE. Excited-state absorption (ESA), with a much lower initial anisotropy, must also be present to explain the measured negative initial anisotropy at this probe wavelength. Note that the SE at 365 nm is most clearly observed in the parallel signal, and that this negative signal disappears together with the anisotropy. At 408 nm a short decay of $1 ps is clearly present, followed by a slower decay on a nanosecond (ns) timescale. At 450 nm, the amount of SE is expected to be rather small (see below), and therefore the large initial negative anisotropy that is observed must mainly be attributed to ESA. Finally, at 600 nm, only ESA is expected to be present. A small positive anisotropy of the ESA can be observed.
Data analysis and discussion
First, the isotropic data are analyzed by a global analysis method [17, 18] . The isotropic decay I iso ðtÞ is described by a sum of exponential decays, each component having its own decay-associated difference spectrum (DADS) A i ðkÞ and concentration c i ðtÞ:
IðtÞ reflects the instrument response and denotes convolution.
The concentration of each component is described by a mono-exponential decay:
with k i being the decay rate of component i.
The global analysis of the isotropic data (Eqs.
(1) and (2)) resulted in three different lifetimes of 1.3 ps, 3.5 ns and $14 ns, indicating structural heterogeneity of the sample. The decay-associated difference spectra (DADS) are shown in Fig. 2 (upper panel). The short-lived DADS (1.3 ps) shows ESA at $400 and $550 nm, and a negative feature centered at $460 nm. It has to be noted that the negative features observed in the spectra can not be due to bleaching of the ground state of 2AP, because the lowest energy absorption band of 2AP peaks at 305 nm and the spectrum is zero above $350 nm [10] . We therefore attribute this negative signal to SE, which is known to peak around 370 nm [7] . The second DADS (3.5 ns) shows ESA peaking at $400 and $530 nm, respectively, and some SE at $430 nm. The third DADS ($14 ns) shows ESA peaking around 520 nm. The 3.5 ns DADS differs from the $14 ns DADS by a larger contribution of SE superimposed upon the ESA in the former. The component decaying with 1.3 ps is ascribed to an unrelaxed state (see below) that decays into the 3.5 ns state most likely due to a reorganization of the surrounding solvent (spectral relaxation). The two ns components cannot be attributed to the earlier suggested 7-H and 9-H tautomeric states of 2AP (see below).
Secondly, both isotropic and anisotropic data were globally fitted using the following target analysis (see Fig. 3 ). The 2AP molecules are considered to be a heterogeneous mixture of 9-H tautomers having different interactions with the solvent. One population of 9-H tautomers interacts with the solvent in such a way that upon excitation a state is formed which rapidly transforms into a non-fluorescent long-lived state Ô1Õ (see below). Possibly, a proton transfer (which is too fast to be resolved with our setup) gives rise to rapid transformation of the excited 9-H tautomer into the non-fluorescent 7-H tautomer. However, transient-absorption experiments on 2AP-DNA dimers, for which the 7-H tautomer cannot exist because the 9 position of the base is involved in a covalent binding with deoxyribose, also reveal a similar long-lived non-fluorescent state (unpublished results). Therefore, it can be ruled out that the obtained non-fluorescent state originates from the 7-H tautomer, and we will therefore refer to this state as a 9-H ÔdarkÕ state. Parallel to this, there is another population of 9-H tautomers that interacts differently with the solvent and forms upon excitation a state (2) that is favorable to evolve into stabilized excited fluorescent 9-H tautomers (state 3).
The isotropic 1.3 ps DADS is interpreted as this transition from state 2 to 3. Evidence for heterogeneity of 2AP has already been given by the observation that the fluorescence quantum yield of 2AP is very dependent on the pH [14] . In all the traces, the anisotropy decays with $25 ps, which is in good agreement with earlier ultrafast fluorescence results [7] . To correctly fit the data one additional assumption was required concerning the anisotropy of the states involved. As can already be noticed from the ÔrawÕ data, the anisotropy is very low in the visible part (where only ESA is expected), whereas it is much higher in the UV, where both SE and ESA take place (Fig. 1) . To account for this wavelength dependent anisotropy behavior, we assume that the initial anisotropy of states 2 and 3 below 440 nm may be different from the initial anisotropy above 440 nm. The anisotropy of the long-lived state 1 was a single fitting parameter for the entire wavelength region. Using this target analysis, a good fit was obtained and the lifetimes and difference spectra of the different states with their corresponding anisotropies could be estimated. A schematic representation of the used target analysis is given in Fig. 3 .
According to the model as depicted in Fig. 3 , the following relations hold for the concentrations of the different states:
The initial concentrations of states 1 and 2 were somewhat arbitrarily chosen in such a way that their corresponding spectra have approximately where I iso;i ðtÞ is the isotropic fluorescence signal of state i (as defined in Eq. (1), with corresponding concentrations as defined in Eqs. (3)- (5)), and r i ðtÞ is its associated anisotropy. The anisotropy r i of component i is described as
with r i ð0Þ being the initial anisotropy of state i and s the rotational correlation time, for which the same fitting parameter was used for all the different states. As explained above the initial anisotropy below 440 nm of states 2 and 3 was treated as an extra fitting parameter, and was allowed to be different from the initial anisotropy above 440 nm for these states. The initial anisotropy of state 1 was a single fitting parameter for the entire wavelength region.
To illustrate the quality of the fit an overview of several traces ranging from $320 up to $690 nm with the corresponding fits is given in Fig. 4 . The obtained species associated difference spectra (SADS) are depicted in Fig. 2 (lower panel) .
At time zero, two states (1 and 2) are present ( Fig. 2 lower panel) . State 1 shows a rather flat ESA profile over the whole wavelength region peaking around 520 nm and decays with a lifetime of >15 ns. The second state shows ESA peaking at both $550 and $400 nm and evolves with 1.3 ps into a new state (3) which decays with $6.5 ns. It has to be noted that the total time window probed was 5 ns, and hence the precision of these ÔlongÕ times is low, which also explains differences in ÔlongÕ lifetimes that are obtained when using either the first (DADS) or the second model (SADS). A significant contribution of SE is observed around 370 nm for both states 2 and 3. It should be stressed that the spectral shape of the SE is obscured because of the ESA that is also present in this wavelength region. Therefore, the SE spectrum that was calculated from a measured steadystate emission spectrum of 2AP is also included in Fig. 2 . The SE spectrum was calculated using the following relation [19] :
with h PlanckÕs constant, c the velocity of light, and B 21 and A 21 the Einstein coefficients describing SE and spontaneous emission, respectively. It should be noted that the SE will most likely show a dynamic Stokes shift which is reported to take place within 4 ps [20] , comparable with the 1.3 ps time we find. Interestingly, when state 2 evolves into 3 the ESA increases around $500 nm while it goes down at $400 nm. The difference between the 6.5 ns SADS and the 1.3 ps SADS is illustrated in Fig. 5 .
Clearly, upon relaxation of state 2 into state 3, signal is gained around 500 nm while signal is lost around 400 nm. The gain in signal peaking at $500 nm should most likely be attributed to a gain in ESA, because no significant SE is expected to be present around this wavelength. The loss in signal at $400 nm can both be attributed to a loss of ESA and/or an increase of SE. Clearly, a large amount of reorganization takes place within 1.3 ps, which is not unexpected considering the large Stokes shift of $5000 cm À1 between the lowest steady-state absorption band (305 nm) and the maximum of the steady-state emission (370 nm).
The anisotropy of state 1 is À0:2 AE 0:1. The anisotropy of state 2 and 3 in the 320-440 nm region is 0:35 AE 0:05, while above 440 nm it is 0:10 AE 0:02 and 0:08 AE 0:02, respectively. The concentration ratio of state 1 and state 2 is 0.3:0.7, indicating that the non-fluorescent state 1 is $2.3 times less abundant than the fluorescent states 2 and 3. Considering the fact that the fluorescence quantum yield is 0.66 [10] , practically no quenching should take place for the fluorescent subset of molecules (70% of all the molecules), which seems unlikely. The concentration ratio of states 1 and 2 (0.3:0.7) we obtain should therefore be considered as an upper limit. Summarizing, two different electronic states were revealed from the data. One state does show SE, whereas the other state does not. A clear relaxation is observed for the emitting state (reflected by the 1.3 ps lifetime), which can most likely be ascribed to spectral relaxation [20] . States 2 and 3 have $0.35 anisotropy in the 320-440 nm range. The anisotropy of the SE is expected to have an anisotropy of 0.4, based on earlier steadystate measurements [10] and based on theory [21] . Because the anisotropy in this wavelength region is both due to SE and ESA, it can be concluded that the ESA is also highly polarized up to 440 nm. In the 440-690 nm region, the polarization of the states 2 and 3 is very low ($0.1 and $0.08, respectively) indicating almost completely depolarized ESA. The À0:2 AE 0:1 anisotropy of state 1 indicates that the polarization of the ESA is perpendicular to the polarization of the ground-state absorption and illustrates the rather different electronic properties of the two states.
